Abstract-We demonstrate injection locking of an optomechanical oscillator to an electromechanical oscillator through acoustic waves. The locking range is measured as a function of acoustic excitation strength for two different configurations.
I. INTRODUCTION
Injection locking is a well-known effect in regenerative oscillators. When a periodic signal with a frequency close to the oscillation frequency and large enough amplitude is injected into a regenerative oscillator, the phase and frequency of the oscillator are pulled and locked to that of the injected signal. This phenomenon has been widely reported in electronic oscillators [1] as well as photonic oscillators (lasers) [2] . In electronic oscillators the injected signal is a harmonic voltage (or current) perturbation induced by an external oscillator. In lasers the injected signal is a coherent optical wave in the laser cavity generated by another laser (master laser). Injection locking has been also observed in a relatively new class of oscillators known as "optomechanical oscillators" (OMOs) [3, 4] . As self-sustained optomechanical oscillation In these devices is due to strong coupling between mechanical and optical modes (through radiation pressure) [3, 5] , in principle they can be locked to both optical and mechanical signals generated by external sources. However so far only injection locking of OMO based on amplitude modulation of the optical pump has been reported [3, 5] .
Here for the first time we report injection locking of OMO to an external acoustic wave generated by a piezoelectric actuator or effectively locking an "optomechanical oscillator" to an "electromechanical oscillator". This approach isolates the driving force of the oscillator (optical pump) from the injected signal. The driving force (radiation pressure) generates optomechanical oscillations and the acoustic wave locks OMO frequency and phase to that of the electromechanical oscillator. Injection locking of OMO via acoustic wave makes the synchronization process more efficient and reduces the cost and complexity of the corresponding systems. As such this method can benefit many applications such as signal processing, optical communication and microwave photonics by enabling mutual synchronization of OMO arrays and locking them to electromechanical systems on integrated platforms. Fig. 1 shows the experimental configuration used for the proof of concept demonstration. While we use silica microtoroid OMO [3, 4] as an example, the same approach can be implemented in variety of OMOs based on different geometries and material systems. The optical pump power for the OMO is provided by a tunable laser ( ~1550 nm) that is coupled to a high-Q optical mode of the microtoroid OMO through a silica fiber-taper and the output is fed to a photodetector. The detected voltage is divided between an oscilloscope and an RF spectrum analyzer to monitor the phase relation between the OMO oscillation and the injected acoustic signal as well as the optomechanical oscillation amplitude and frequency. A piezo transducer (PZT) which can oscillate at frequencies near the oscillation frequency of the OMO (fOMO) is placed underneath the silicon chip that carries the OMO. In order to improve the transmission of acoustic wave to the silicon chip, a thin layer of acrylic double-sided tape is added between the PZT and the chip. The PZT transducer is driven by an electric RF signal generator. Note that for this initial experiment no effort has been made to match the acoustic impedance of the PZT to that of the silicon chip. We define the excitation ratio as =ΔRpzt/ΔRop where ΔRop is the mechanical oscillation amplitude of the OMO driven by the optical pump power in the absence of external acoustic excitation (PZT is off). ΔRpzt is the mechanical oscillation amplitude of the OMO induced by the external acoustic wave generated by the PZT when the optical pump power (Pin) is less than the threshold power for optomechanical oscillation (Pth). Below threshold (Pin< Pth), optical power is not strong enough to sustain optomechanical oscillation and effectively serves as a probe to monitor the mechanical displacement of the OMO. The ratio ΔRpzt/ΔRop can be calculated by measuring the detected RF power using the spectrum analyzer and based on optical and geometrical characteristics of the OMO as described in Ref. 6 . Note that ΔRpzt is a measure of the actual acoustic energy transferred to the corresponding mechanical mode, as such characterization of the injection locking behavior based on is independent of the efficiency of the piezo and acoustic energy transfer (that requires a detail acoustic analysis of the system). Fig. 2(a) shows the optical output power from one of the OMO#1 in the absence (blue trace) and presence (black trace) of injection. The red trace is the measured the electric signal that drives the PZT and is proportional to amplitude of the injected acoustic wave to the OMO. The free running oscillation frequency for OMO#1 is fOMO = 8957.66 kHz (1 st mechanical eigen mode). As shown in Fig. 2(a) , when PZT is turned on, the optomechanical oscillation frequency is pulled to the frequency of the injected acoustic signal which has frequency of 8957.52 kHz (140 Hz smaller than the fOMO). Fig. 2(b) shows the tuning of fOMO by adjusting the frequency of the injected acoustic signal when is 0.015. This measurement is done using OMO#2 with a frequency of fOMO =8300 kHz. The piezo signal is tuned from 8277 kHz to 8317 kHz with a setp size of 1.5 kHz. In order to make sure that the measured signal was actually the radiation pressure induced optomechanical oscillation (as opposed to optical modulation due to acoustic excitation), during tuning procedure we decreased the injected signal strength and verified the existence of the optomechanical oscillation for each frequency step. Fig.3(a) shows the measured locking range as a function of for OMO#2. Fig. 3(b) shows the photodetected voltage (proportional to optomechanical oscillaiton amplitude) plotted against the input signal of the PZT before (b-1) and after injection locking (b-2) which showing the transition of the relative phase from random fluctuations to a constant value (represented by a well-defined closed path in the phase space). Fig. 4(a) shows the OMO#2 oscillation frequency plotted against . When the injected signal is large enough ( > 0.006) it pulls fOMO to fPZT. In the transition region (0.002< < 0.006) the well-known comb-like spectrum (due to frequency mixing) is clearly observed. In order to injection lock OMOs to integrated on-chip PZTs, the PZT should be mounted (fabricated) on the same chip that carries the OMOs. As such we mounted the PZT and the silicon chip (that carried OMO#2) on an aluminum plate about 2 cm apart from each other using acrylic double-sided tape (Fig. 4(b) ). Here the selected PZT excites bulk acoustic waves travelling into the aluminum so the acoustic waves are coupled to the OMO through multiple reflections from the aluminum boundary resulting in poor coupling efficiency. As expected the locking range for this case was more than 5 times smaller. For efficient side coupling one should excite surface acoustic waves and design the device based on a careful analysis of the coupling between these waves and mechanical modes of the OMOs. 
II. EXPERIMETAL SETUP AND RESULTS

III. CONCLUSION
We have demonstrated injection locking of an optomechacnial oscillator through acoustic waves. This observation paves the road for the development of simple arrangements for synchronization of OMO arrays, stabilization of OMOs' oscillation frequency and locking them to electromechanical systems.
